Abstract The goal of this study was to determine the molecular identity of a small-conductance (~5-pS) background K + channel expressed in trigeminal ganglion (TG) neurons. We tested the hypothesis that the 5-pS channel is a K 2P channel by comparing the pharmacological and single-channel properties of THIK-1 expressed in HEK293 cells. As reported earlier, whole-cell THIK-1 current was inhibited by halothane and activated by arachidonic acid. Among 25 additional modulators tested, bupivacaine (100 μM), quinidine (50 μM) and Ba 2+ (3 mM) and cold (10°C) were most effective inhibitors of THIK-1 current (>50 % inhibition). In cell-attached patches with high KCl in the pipette and bath solutions, THIK-1 produced a small-conductance (~5 pS) channel with a weak inwardly rectifying current-voltage relationship. Halothane, bupivacaine and cold inhibited the single-channel activities of both THIK-1 and the 5-pS channel in TG neurons, whereas arachidonic acid augmented them. THIK-1 expressed in HEK293 cells and the 5-pS channels in TG neurons were insensitive to hypoxia. Reverse transcriptase-PCR, Western blot and immunocytochemical analyses suggested that THIK-1 mRNA and protein were expressed in TG neurons. These results show that THIK-1 is functionally expressed in TG neurons and contributes to the background K + conductance.
Introduction
Background or leak K + channels help to set the resting membrane potential and thus regulate cell excitability. The background K + channels are also targets of many intracellular and extracellular biological signals, and thus regulate cell function under various physiological and pathophysiological conditions. For example, TASK-1 and TASK-3 are oxygensensing background K + channels in chemoreceptor cells of the carotid body and regulate ventilation [3, 28, 29] . TASK-1 and TASK-3 are also expressed in the adrenal gland and regulate aldosterone secretion in response to angiotensin II [12] . TASK-2 is expressed in retrotrapezoid neurons and may serve as a pH sensor in central chemoreception [18, 32] . TASK-2 is also highly expressed in proximal renal tubules and regulates bicarbonate reabsorption and cell volume regulation [30, 33] . Studies in knockout mice suggest that TREKs are involved in pain perception and neural activity such as depression and anesthetic response [2, 22] . TRESK is believed to be involved in sensory transduction, as it is highly expressed in sensory ganglion neurons [15, 25] . Therefore, identifying the background K + channels and their molecular counterpart are crucial for understanding how a cell regulates its excitability.
Recent studies show that sensory neurons such as dorsal root ganglion (DRG) and trigeminal ganglion (TG) neurons express background K + channels such as TRESK and TREK [15, 25] . These K + channels are believed to be involved in neuroprotection, nociception and mechanotransduction in these neurons [2, 7, 21] . In addition to TRESK and TREK, we found a small-conductance (~5 pS) K + channel with properties of a background K + channel in TG neurons. The 5-pS K + channel is observed frequently and therefore may contribute significantly to the background K + conductance and to setting the resting membrane potential. Because most functional K 2P channels show properties of a background K + channel, it is possible that the 5-pS channel is a member of the K 2P channel family. However, most K 2P channels that have been analyzed at the single-channel level show conductance that are greater than~15 pS. Functional K 2P channels whose single-channel properties are still undefined are TWIK and THIK. Therefore, the 5-pS channel could be TWIK, THIK, or possibly a non-K 2P channel, as some voltage-gated K + channels may be active near the resting membrane potential.
TWIK-1 produces a functional current that is small [10] , whereas THIK-1 produces a large sustained K + current when expressed in mammalian cell lines [38] . In this study, therefore, we tested the possibility that the small-conductance K + channel in TG neurons is THIK-1. We studied the response of THIK-1 to pharmacological agents that were not tested previously, and recorded single-channel currents from HEK293 cells expressing THIK-1 to identify the general kinetics of this channel. We also determined the expression of THIK-1 at the mRNA and protein levels in TG neurons. The results from these studies indicate that the small-conductance background K + channel present in TG neurons is THIK-1.
Materials and methods

Trigeminal ganglion neuronal culture
Rats were used in accordance with the guidelines of Rosalind Franklin University Animal Committee. TGs were dissected from the brain of 2-week-old rats (n =6) and collected in culture medium (Dulbecco's modified Eagle's medium [DMEM]/F-12). Ganglia were incubated for 1.5 h at 37°C in the F-12 medium containing 0.125 % collagenase (Type II). The ganglia were then incubated in F-12 medium containing 0.25 % trypsin for 30 min at 37°C. The tissue pieces were then placed in DMEM medium containing FBS (10 %) and streptomycin/penicillin (0.1 %) and gently triturated with a polished glass pipette tip. The suspended cells were plated on poly-L-lysine-coated glass coverslips in a culture dish. Cells were incubated at 37°C in a 95 % air-5 % CO 2 gas mixture, and used 1 day after plating.
Transfection in HEK293 cells
Full lengths rat THIK-1 and THIK-2 were cloned by RT-PCR, inserted into the pcDNA3.1 vector and sequenced for confirmation. HEK293 cells were grown in DMEM supplemented with 10 % fetal bovine serum (FBS). HEK293 cells were cotransfected with plasmids (pCDNA3.1) containing full open reading frame of THIK-1 or THIK-2 DNA and green fluorescent protein (GFP) using LipofectAMINE2000 and OPTI-MEM I Reduced Serum Medium (Life Technologies, Grand Island, NY, USA). Green fluorescence from cells expressing GFP was detected with the aid of a Nikon microscope equipped with a mercury lamp light source. Cells were used 2 days after transfection.
Electrophysiological studies
Electrophysiological recording was performed using a patch clamp amplifier (Axopatch 200B, Molecular Devices). Thickwalled borosilicate patch pipettes coated with sylgard were used to minimize background noise. Channel current was filtered at 2 kHz and transferred to a computer using the Digidata 1320 interface at a sampling rate of 20 kHz. Singlechannel currents were analyzed with the pCLAMP program (Version 10). For analysis of single channels, the amplitude of each channel was set at~0. 
Western blot analysis
TGs were homogenized in PRO-PREP™ protein extraction solution (iNtRON Biotechnology, Seongnam, South Korea) containing 50 mM Tris-Cl (pH 7.5), 150 mM NaCl, 1 mM dithiothreitol (DTT), 0.5 % NP-40, 1 % Triton X-100, 1 % deoxycholate, 0.1 % sodium dodecyl sulfate (SDS), 1 mM EGTA, 1 g/ml leupeptin, 1 g/ml pepstatin A, 1 mM phenylmethylsulfonyl fluoride and 10.5 g/ml aprotinin. The mixture was incubated for 60 min on ice with intermittent vortexing. Extracts were clarified by centrifugation at 13,000 rpm (16,609×g) for 20 min at 4°C. The resulting supernatant was separated by 10 % SDS-polyacrylamide gel electrophoresis, and the proteins resolved in the gel were transferred to a polyvinylidene fluoride membrane using a semi-dry transfer (Bio-Rad, Hercules, CA, USA). Equal amounts (50 μg) of total protein were loaded. The membranes were blocked with 5 % fat-free dry milk and then incubated with 1:500 dilution of anti-THIK-1 antibody (Abcam®, Cambridge, MA, USA) and with 1:1,000 dilution of anti-α-tubulin antibody. These were followed by incubation with a 1:10,000 dilution of horseradish peroxidase-conjugated anti-rabbit or anti-mouse secondary antibody (Assay Designs, Ann Arbor, MI, USA). Immuno-positive bands were visualized by enhanced chemiluminescence (ECL Plus kit; ELPIS, Taejon, South Korea), following the manufacturer's instructions.
Immunocytochemistry
TG neurons cultured on round cover slips coated with poly-Llysine were fixed with 4 % paraformaldehyde in 0.1 M PBS for 30 min, washed and incubated in a blocking buffer containing 1 % normal goat serum and 0.1 % Triton X-100 for 2 h at room temperature under gentle rotation. The neurons were incubated with a 1:100 dilution of anti-THIK-1 antibody in PBS overnight at 4°C. After incubation, the neurons were washed with PBS three times and then incubated in the dark for 1.5 h with a 1:100 dilution of cyanine 3 (Cy3)-conjugated anti-rabbit IgG for THIK-1. Stained cells were wet-mounted on glass slides and observed using a confocal laser-scanning microscope (Olympus, Tokyo, Japan). Negative and positive controls were checked by omitting the primary antibody and by transfection of the cDNA, respectively. Cells were also stained with DAPI to identify the nucleus of each cell. No red fluorescence was observed on the any of negative control, while only DAPI (4,6-diamidino-2-phenylindole, dihydrochloride; Molecular Probes, Inc., Eugene, OR, USA) nuclear stain was seen.
Chemicals 5-Aminoimidazole-4-carboxamide riboside (AICAR) and tetraethyammonium were purchased from Tocris bioscience (Bristol, UK). Verapamil was purchased from Calbiochem (La Jolla, CA, USA). All other chemicals were from Sigma Aldrich. Saturated halothane solution (~18 mM; [40] ) was prepared by dissolving halothane in recording solution in a glass container for several hours, and diluted to desired concentrations for immediate use.
Statistical analysis
Student's t-test (for comparison of two sets of data) and one-way analysis of variance with Bonferroni correction (for comparison of three data sets) were performed for statistical analysis. Data were analyzed using PRISM software (Graphpad) and represented as mean ± SD. Post hoc testing was based on unpaired t-test with Bonferroni correction. Significance level was set at p <0.05.
Results
Small-conductance background K + channel in TG neurons
In cultured neurons from TGs, we recorded several K + channels that were active at rest. In neurons with small-to medium-sized cell bodies, we found TRESK (K 2P 18.1)-like channels with~15-pS single-channel conductance similar to those observed in dorsal ganglion neurons [25] . Large conductance TREK (K 2P 2.1/10.1)-like channels were also observed but were generally inactive at rest in cell-attached patches, although they became more active in inside-out patches (Fig. 1a) . In addition to these already well-characterized channels, a small-conductance K + channel with a noisy open state was frequently present in cell-attached patches (Fig. 1b) . Although we initially ignored the small-conductance channels, close inspection showed channel-like behavior with multiple levels of opening. The channel showed no inactivation or desensitization even in inside-out patches. The singlechannel conductance was~5 pS at +100 mV pipette potential, and the channel showed weak inward rectification (Fig. 1c) . Such a channel was not observed when the pipette solution contained NaCl instead of KCl. To test the hypothesis that the 5-pS background K + channel is a member of the K 2P channel family, we first studied the pharmacological and singlechannel properties of THIK-1. We then tested the effect of agents that modulated THIK-1 on the 5-pS channel in TG neurons for comparison.
THIK-1 modulation by pharmacological agents
To confirm that THIK-1 is a functional K + channel, whole-cell K + current was recorded from HEK293 cells transfected with a plasmid containing THIK-1 cDNA. In external solution containing 5 mM KCl, whole-cell currents of 1-3 nA (at +60 mV) were elicited by voltage ramp from −120 to +60 mV (Fig. 2a) . The currents reversed between −80 and −90 mV, close to the K + equilibrium potential. Control HEK293 cells transfected with a plasmid containing only GFP showed very small currents (0.2-0.3 nA at +60 mV). Cells transfected with THIK-2 showed whole-cell currents similar to control cells, confirming that THIK-2 does not form a functional K + channel at the plasma membrane, as reported earlier [38] . Confocal images of HEK293 cells transfected with a plasmid containing GFP fused to THIK-1 at the C terminus (THIK-1-GFP) or to THIK-2 at the C terminus (THIK-1-GFP) showed that THIK-1 was localized at the plasma membrane whereas THIK-2 was present at perinuclear regions (Fig. 2b) . Similar localization patterns were observed when THIK-1 and THIK-2 were expressed in COS-7 cells. THIK-1-GFP also produced whole-cell currents of similar magnitude (2.8±0.5 nA at + 60 mV) in HEK293 cells, indicating that GFP did not interfere with cell surface expression and function of THIK-1.
Halothane has been identified as an inhibitor and arachidonic acid as an activator of THIK-1 [38] . Consistent with these findings, halothane (2 mM) inhibited THIK-1 current by 73±8 % and arachidonic acid (10 μM) augmented it by 30± 10 % (Fig. 3a) . To identify additional inhibitors and activators of THIK-1, effects of known modulators of ion channels were tested in HEK293 cells expressing THIK-1. Of 25 additional agents tested, bupivacaine (100 μM), quinidine (50 μM) and Ba 2+ (3 mM) were the only three that produced~50 % or greater inhibition of THIK-1 current at the concentrations used (Fig. 3b) . Lidocaine (100 μM) inhibited THIK-1 current has not yet been reported. TEA (1 mM) showed negligible effect on THIK-1 current at potentials between −90 and −20 mV, but a small inhibition was observed at more depolarized potentials such that TEA produced a 23±9 % inhibition of the whole-cell current at +60 mV.
In an earlier study, genistein, a tyrosine kinase inhibitor, inhibited THIK-1 [19] . We tested the effects of agents known to modulate the activity of other protein kinases. Treatment of cells for 30 min with 8-Br-cAMP (500 μM), forskolin (10 μM) or CTP-cAMP (10 μM) failed to produce significant changes in whole-cell THIK-1 current (p >0.05; n =5-10; Fig. 3c ). Phorbol myristate acetate (PMA, 5 μM) and AICAR (1 mM) showed no effect on THIK-1 current when incubated for 30 min, indicating that protein kinase C and AMPactivated kinase do not modulate THIK-1. THIK-1 was also insensitive to changes in extracellular [Ca 2+ ] from 0 to 1 mM (10±5 %, p >0.05; Fig. 3c ). ACh (100 μM) showed a small inhibition of THIK-1 current in cells expressing both THIK-1 and M1 receptor (13±7 %, p <0.05; n =10).
Temperature change from 22°C to 37°C was found to increase THIK-1 current by 1.6-fold [38] , but its sensitivity to cold was not tested previously. To test for cold sensitivity, the temperature of the perfusion solution was switched from 24°C to 10°C while recording the whole-cell current. Cold decreased THIK-1 whole-cell current by~50 % (Fig. 4a) . A rapid reversible decrease in whole-cell holding current was also observed when the perfusion temperature was switching from 24°C to 10°C (Fig. 4b) . Relative changes in current as a function of temperature is shown in Fig. 4b . Under identical experimental conditions, cold did not significantly affect the TASK-3 whole-cell current, showing that THIK-1 and TASK-3 show different responses to cold (Fig. 4c and d) . Thus, cool and cold temperatures decreased the THIK-1 current.
Single-channel properties of THIK-1 A useful method to help identify the presence of THIK-1 in native cells is to show that a channel in the native cell has single-channel kinetic properties similar to those obtained with cloned THIK-1 expressed in a cell line. To characterize THIK-1 at the single-channel level, cell-attached patches were formed on HEK293 cells expressing THIK-1/GFP using pipette and bath solutions containing 150 mM KCl. In most untransfected cells (n >20) and cells transfected with plasmid containing GFP cDNA (n =16), the recorded current was quiet with no opening of ion channels (Fig. 5a) . In a few patches, endogenous channels with single-channel conductance of 15 or 36 pS were present. In cells transfected with plasmid containing THIK-1/GFP cDNA, channels with short and spiky openings were consistently present in nearly all cellattached patches (n >50). A record of single-channel openings obtained at the pipette potential of +100 mV is shown in expanded scale in Fig. 5a . Close inspection of the current recording showed two channel openings in this patch, as indicated by dotted lines.
Single-channel openings at different membrane potentials (−100 to +100 mV) are shown in Fig. 5b . An amplitude histogram determined from a channel current recording at the pipette potential of +100 mV is shown in Fig. 5c . The current-voltage relationship, plotted using the mean amplitude values at different potentials, showed that THIK-1 has a Fig. 4 Inhibition of THIK-1 current by cold. A. Tracing shows THIK-1 whole-cell currents recorded at 24°C and 10°C. Cells were held at −80 mV, and voltage ramps applied from −120 to +60 mV. b Tracing shows whole-cell holding current while changing the temperature of the perfusion solution from 24°C to 10°C, and back to 24°C. Whole cells were held at −60 mV. Relative currents at different temperatures are also shown in the bar graph (mean ± SD from ten cells). c Tracings show whole-cell currents of TASK-3 recorded at 24°C and 10°C. d Summary of the cold effect on THIK-1 and TASK-3 whole-cell relative currents. Each bar is the mean ± SD of ten determinations. Asterisk indicates a significant difference from the control value (p <0.05) (Fig. 5e, n =5) . As predicted, no THIK-1-like channels were present when the pipette contained 150 mM NaCl at the pipette potential of +100 mV. Thus, THIK-1 is a background K + channel whose singlechannel conductance is the smallest of the K 2P channels reported so far.
In agreement with whole-cell studies, halothane (2 mM) decreased the relative THIK-1 current (NP o i) by 84±5 %, and arachidonic acid (10 μM) increased it by 1.8±0.5-fold in outside-out patches (n =7; Fig. 6a ). Formation of inside-out patches did not cause rundown of THIK-1 channel activity (n =5). Application of ATP (2 mM) or CaCl 2 (100 μM) to the cytoplasmic side of the membrane produced no significant effect on channel activity (n =4 each). THIK-1 was not affected by application of negative pressure (~60 mmHg) in the inside-out patch mode (n =5). Consistent with the effect of cold on the THIK-1 whole-cell current, lowering the perfusion temperature from 24°C to 10°C produced a reversible inhibition of THIK-1 single-channel current by 77±7 % in cellattached patches (Fig. 6b, n =10) . Analysis of single-channel openings indicated that cold reduced the current amplitude bỹ 40 %. For TASK-3, cold reduced the amplitude of singlechannel opening by~40 %, but prolonged the open time duration, producing no significant change in total current (I =NP o i; 0.81±0.07 (24°C) and 0.75±0.15 (10°C); Fig. 6b ). This is consistent with the lack of cold effect on the whole-cell TASK current. These results confirm at the single-channel level that cold inhibits THIK-1 but not TASK-3.
Negligible effects of hypoxia and mitochondrial inhibitors on THIK-1 current Hypoxia has been reported to produce a small decrease in whole-cell current (~10 %) in HEK293 cells expressing THIK-1 [16] . In our own experiments, hypoxia failed to significantly inhibit the THIK-1 whole-cell current in HEK293 cells (p >0.05; n =10, Fig. 7a ). Mitochondrial inhibitors of oxidative phosphorylation such as sodium cyanide (NaCN; 1 mM) and sodium hydrogen sulfide (NaHS; 100 μM) inhibited TASK-1/3 activity in carotid body chemoreceptor cells by 78±5 % and 84±6 %, respectively [4, 27] . The same agents used under identical experimental conditions showed no inhibition of the THIK-1 whole-cell current (Fig. 7a) . Only trifluorocarbonylcyanide phenylhydrazone (FCCP; 1 μM, a mitochondrial uncoupler) produced a small inhibition of THIK-1 current (19±11 % at +60 mV; p <0.05). Fig. 7c ). In TG neurons, hypoxia showed no effect on THIK-1-like channel activity (p >0.05; n =6, Fig. 7d ), but reversibly inhibited TASK activity in carotid body glomus cells by 76±6 % (p <0.05; n =6; Fig. 7d) . In five cells, hypoxia did not affect the wholecell outward current in TG neurons (Fig. 7e) . These results show that THIK-1 is not an O 2 -sensitive channel in these cell types.
THIK-1-like channel in the trigeminal ganglion neuron
Comparison of the THIK-1 single-channel kinetics with those of the 5-pS channel in TG neurons suggested that they could be the same channel. To further confirm that the 5-pS channel is THIK-1, we next tested the effect of several agents that modulated THIK-1 at the single-channel level. In outside-out patches from TG neurons, halothane (2 mM) inhibited the small-conductance channels by 74±15 % (n =6 each; Fig. 8a ). Arachidonic acid increased THIK-1-like channel by 2.1±0.6-fold (n =6). Bupivacaine (100 μM) inhibited the smallconductance channels by 23±8 % (n =4). In cell-attached patches, cold (10°C) inhibited the channel by 69±13 % (n =6). Thus, these effects of halothane, arachidonic acid and cold are similar to those observed with THIK-1.
To assess how much THIK-1 contributes to the whole-cell current, we recorded whole-cell currents from TG neurons before and after application of halothane and cold. In control conditions, we observed two types of whole-cell currents in response to ramp voltage pulses: one type showing spontaneous depolarizations occurring during depolarization and the other type showing no depolarizations, as shown in Fig. 8b . In both examples, halothane and cold inhibited the whole-cell current by~50 %, and therefore the results from both types of cells were averaged and plotted (Fig. 8b) . Although these results suggest that THIK-1 contributes~50 % of the whole-cell outward current, they need to be interpreted with caution, as halothane and cold are likely to have effects on other ion channels. For example, in TG neurons, both halothane and cold reduced the number of spontaneous depolarizations when they were present, suggesting that Na + current may be inhibited [41] . RT-PCR analysis showed expression of THIK-1 mRNA in TG neurons as well as in HEK293 cells expressing THIK-1 (Fig. 8c) . Western blot analysis showed expression of THIK-1 protein in HEK293 cells transfected with THIK-1 DNA, and also in TG neurons (Fig. 8c) . Immunocytochemistry in cultured TG neurons showed a circular layer of red stain (THIK-1). Although somewhat indistinct, the outer circle of the red Fig. 7 Lack of effect of hypoxia and mitochondrial inhibitors/ uncoupler on THIK-1 current. a Graphs show whole-cell currents before and after exposure to hypoxia, FCCP (1 μM), NaCN (1 mM) and NaHS (100 μM) in HEK293 cells. b Summary of the experiments in a. Each bar is the mean ± SD of ten determinations. Asterisk indicates a significant difference from the control value (p <0.05). c Tracings show THIK-1 channels before and during exposure to hypoxia. No significant difference was found between the two (p >0.05). d Current tracings are from cellattached patches from a TG neuron and a carotid body glomus cell perfused with normoxic and hypoxic solutions. Expanded tracings are also shown as indicated below each tracing. e Whole-cell currents from a TG neuron before and after hypoxia. The bar graph shows current measured at +15 mV. No significance was present (p >0.05) stain overlapped with the plasma membrane, suggesting that THIK-1 is expressed at the plasma membrane as well as below the plasma membrane (Fig. 8d) . In control cells that were not treated with the primary antibody, only the nuclear DAPI signal was present. Thus, single-channel characteristics, sensitivity to pharmacological agents and cold, and biochemical analyses of mRNA and protein expression provide evidence that the 5-pS channel that is active in TG neurons represents THIK-1.
Discussion
In sensory neurons such as DRG and TG neurons, TRESK and TREK have been identified as background K + channels [15, 25, 42] . In addition to these K 2P channels, we found the presence of a small-conductance K + channel in TG neurons. The goal of this study was therefore to determine the molecular identity of this small-conductance K + channel by testing the hypothesis that it is also a K 2P channel. Our measurement of single-channel conductance levels of all functional K 2P channels suggested that if the small-conductance K + channel in TG neurons were a K 2P channel, it would be THIK-1 or TWIK-1. Both THIK-1 and TWIK-1 expressed in heterologous expression systems produce K + currents that do not inactivate, consistent with their role as a background K + channel. We were able to record single-channel currents from cells transfected with THIK-1 but not TWIK-1. Therefore, we characterized the single-channel kinetics of THIK-1 expressed in HEK293 cells, and also tested the effects of pharmacological agents that were c Immunocytochemistry shows positive staining (red) in both HEK293 cells expressing THIK-1 and rat TG neurons. Cells were stained with DAPI to identify nucleus (blue). In the absence of THIK-1 primary antibody (1°Ab), only nuclear staining (blue) was observed. Scale bar=20 μm previously not used. The results of these studies, together with the positive expression of THIK-1 mRNA and protein, indicate that the small-conductance background K + channels present in TG neurons is most likely THIK-1.
Studies using Xenopus oocytes have shown that THIK-1 activity is inhibited by halothane, and stimulated by arachidonic acid [38] . This property of THIK-1 has been used to demonstrate the presence of a THIK-1-like current in native cells. Based on these properties, the background K + currents in rat glossopharyngeal neurons [9] , mouse cerebellar Purkinje neurons [5] , and mouse central chemoreceptor neurons from the retrotrapezoid nucleus [31] were assumed to be THIK-1. While it may be true that a halothane-inhibited and arachidonic acid-activated current is indeed THIK-1 or THIK-1-like, it is possible that the native K + current is another unrelated K + channel with a similar pharmacological profile. For example, the intermediate conductance Ca
2+
-activated K + channel and human ether-a-go-go-related (HERG) channels are also inhibited by halothane and activated by arachidonic acid [17, 20, 34] . Small-conductance K + channels in human alveolar epithelial cells are also inhibited by halothane and activated by arachidonic acid [39] . Ca 2+ -activated K + channels and HERG can be active near the resting membrane potential and contribute to the background K + conductance, similar to THIK-1. Halothane also inhibits the transient outward K + current in rat cardiac myocyte [13] , whereas arachidonic acid activates the Aplysia S-K channels [6] . For these reasons, additional characteristics of THIK-1, such as single-channel kinetics, would help to more clearly identify the native THIK-1-like current.
Single-channel properties of THIK-1 Unlike most other K 2P channels whose single-channel conductance levels range from~15 pS (TASK-1, TRESK) to 50-220 pS (TREK-1, TREK-2), THIK-1 showed a very small single-channel conductance of~5 pS. For this reason, thickwalled glass pipettes were used to minimize the baseline membrane noise and observe opening of THIK-1 channels. THIK-1 also showed very short open time duration (<0.5 ms). Due to the flickery nature of THIK-1 and its smallconductance, its openings were initially difficult to identify, particularly if the current recording has some basal membrane noise. More careful examination showed that these low amplitude openings were real channel openings with rapid transitions between closed and open states. The channel activity was always larger in one current direction when the pipette potential was held away from the reversal potential. If it were simply membrane noise, the current fluctuations would be similar in both inward and outward directions. The characterization of single-channel kinetics and pharmacological profile reported here should help to identify a native channel current as THIK-1. The recording of single-channels of THIK-1 should be possible in native tissues if THIK-1 is the major component of the background K + current. If other background channels are also highly active, it may be difficult to clearly isolate and identify THIK-1.
Studies in native cells indicate that only one or two types of K 2P channels provide the major background K + current for each cell type, although mRNA transcripts of many K 2P channel may be present. For example, in cerebellar granule cells, mostly TASK-1/3 and Type 4 K + channels are active at rest [24] . In DRG neurons, opening of TRESK single channels can be observed clearly, because the activity of other background K + channels are low [25] . In carotid body glomus cells, TASK-1/3 is the main K + channel that is active at rest [29] . Therefore, it is possible that THIK-1 is a predominant background K + channel in certain cell types, and in these cells, single-channel recording would prove useful to confirm the molecular identity of the channel as THIK-1. Based on sensitivity to halothane and arachidonic acid, THIK-1-like K + currents have been recorded from mouse cerebellar Purkinje neurons, nitric oxide synthase-positive neurons of the glossopharyngeal nerve and central chemoreceptor respiratory chemoreceptor neurons [5, 9, 31] . It would be interesting to know whether single channels with kinetic properties of THIK-1 can be recorded in these cells. Clear identification of the current as THIK-1 would be important for further studies to define the physiological role of THIK-1 in such cell types.
Pharmacology of THIK-1
Earlier studies have shown that halothane inhibits and arachidonic acid activates THIK-1 expressed in Xenopus oocytes and HEK293 cells [38] . THIK-1 was found to show low sensitivity to changes in intracellular or extracellular pH, temperature and lysophosphatidylcholine [38] . However, the effects of many other agents known to block K + channels have not yet been reported. Our own tests in HEK293 show that THIK-1 is partially inhibited by quinidine and bupivacaine. THIK-1 was insensitive to direct application of signaling molecules that regulate protein kinases A and C, and AMPactivated kinase. ACh showed a very small effect on THIK-1 current via M1 receptor. In mouse cerebellar Purkinje cells, the non-inactivating K + current was inhibited by halothane and Ba
2+
, and activated by arachidonic acid, and therefore shares properties similar to THIK-1 [5] . In these Purkinje cells, baclofen and DAMGO increased the outward current by~30-40 %, and glutamate and DHPG inhibited the outward current by~40-50 %. These results suggest that receptor agonists regulate THIK-1 expressed in native cells but not in HEK293 cells. This aspect of THIK-1 regulation needs further study, perhaps at the level of the single channel, to be certain that only THIK-1 current is being studied.
Cold sensitivity of THIK-1
Our finding that THIK-1 is inhibited by cold is anticipated because of the general thermodynamic effect of low temperature on protein function. Nevertheless, the~80 % decrease in THIK-1 activity produced by cold (10°C) recorded at the single-channel level may be physiologically significant. The non-selective cation channel TRPM8 is believed to be the major determinant of cold sensing in TG neurons, as cold activates TRPM8 and TRPM8 −/− mice fails to respond to cold [1, 11, 14] . In addition to cation-selective channels, K + channels such as TREK-1 and Kv1 have also been suggested as possible candidates for sensing cold [35, 36] . We believe that TREK-1 may not sense cold because it is mostly in the closed state at room temperature [23, 26] . Our data suggest that THIK-1 could very well participate in sensing of noxious cold, because it is active at rest and is inhibited by cold in TG neurons. The expression of TRPM8 is high in subset of TG neurons that sense cool temperature (~30°C) and low in subset of neurons that sense cold temperature (<20°C) [37] . THIK-1 could potentially contribute more to cold sensing in those neurons that are sensitive to cold temperature. A more detailed study of the expression and function of THIK-1 in different subsets of TG neurons as well as in other sensory neurons should help to better understand the role of THIK-1 in the excitability of cold-sensitive neurons.
Oxygen sensitivity of THIK-1 THIK-1 current was reported to be slightly inhibited (~10 %) by hypoxia in HEK293 cells, and this was associated with 2 mV depolarization [8] . The small inhibition of THIK-1 by hypoxia was not due to mitochondrial inhibition, because it still occurred in the presence of sodium cyanide and myxothiazole. Also, DPI, an inhibitor of NADHP oxidase, did not block the hypoxia-induced inhibition of THIK-1 [8] . Under our own experimental conditions, hypoxia that usually inhibits~75 % of TASK current in carotid body glomus cells showed very little inhibition (~7 %) of THIK-1 in HEK293 cells. Although our hypoxia experiment was performed at 35°C, whereas earlier experiments were done at 22°C, this temperature difference seems unlikely to account for the small difference in the hypoxic response of THIK-1. If anything, hypoxia is expected to have a stronger effect at high than at low temperature. Hypoxia showed essentially no significant change in THIK-1 single-channel activity in cell-attached patches in our study. Overall, our data suggest that THIK-1 is not sensitive to hypoxia and mitochondrial inhibitors when expressed in HEK293 cells.
In carotid body glomus cells that express high levels of TASK-like background K + channels, hypoxia inhibited TASK activity by~75 %, as reported previously [29] . In our preliminary test, when TASK-1, TASK-3 or TASK-1/3 heteromer was expressed in HEK293 or COS-7 cells, hypoxia showed either very small (<10 % for TASK-1) or no effect (for TASK-3 and TASK-1/3) on channel activity. Therefore, it is quite plausible that THIK-1 has higher sensitivity to hypoxia in certain native cells, due perhaps to the presence of hypoxiasensitive signals that are not present in cloned mammalian cell lines. Although we found no effect of hypoxia on the THIK-1-like current in TG neurons, others found a small inhibition in rat glossopharyngeal neurons, [9] . It would be important to show that the THIK-1-like current in these neurons is indeed THIK-1 by identifying the single-channel properties of the THIK-1-like current.
In summary, we show the single-channel characteristics of THIK-1 and the response of THIK-1 to various pharmacological agents at the whole-cell and single-channel levels. These properties should help to confirm the presence of THIK-1 in those cells that predominantly express THIK-1 as their background K + current. Using single-channel, pharmacological and biochemical analyses, we show that THIK-l is expressed in TG neurons and probably contribute to the background K + conductance in these cells. The cold-sensitivity of THIK-1 suggests that THIK-1 may be involved in cold-induced sensory transduction by TG neurons, similar to the cold-sensitive TRPM8 also expressed in TG neurons [35, 37] . The possibility that THIK-1 and TRPM8 work together to transduce the cold signal seems likely and needs to be investigated further.
